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Received 1 November 2010; received in revised form 11 February 2011; accepted 2 March 2011AbstractThe effect of employing a RITA® system in one or both of somatic embryo induction and germination stages was investigated, and it was
deemed far superior to a semi-solid (agar) substrate in terms of in vitro plant yields for sugarcane genotype N41. Approximately 18,000 plants/leaf
roll were obtained in vitro in 12 weeks, when both culture stages were undertaken using temporary immersion, compared with approximately 2000
plants/leaf roll produced on semi-solid medium. However, due to hyperhydricity, only ~34% of the plants produced in RITA® survived
acclimatization. To overcome this, and realize the potential yields of the RITA® system, various culture conditions were investigated, viz. nutrient
and sucrose supplies, a rockwool substrate and the immersion regime. Of these, increasing the resting time between immersions from 1 min/12 h
to 1 min/72 h, and lowering MS nutrient to 1/2 strength, proved the most beneficial, resulting in 60% acclimation success. Genetic fidelity of these
plants was investigated by AFLP analyses where only 0–0.9%, of polymorphic bands were scored compared with the conventionally- propagated
N41 control. Phenotypic characterization of plants grown in the field for 6 months showed that, although all in vitro derived plants had a reduced
stalk diameter relative to the control, there were no significant differences regarding stalk mass, height and population.
© 2011 SAAB. Published by Elsevier B.V. All rights reserved.
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Although a simple process, the vegetative propagation of
commercial sugarcane via the germination of axillary buds in
planted stalks yields only approximately 8–10 new plants per
annum (Blackburn, 1984; Meyer et al., 2009). Consequently, in
vitro techniques that result inmassmultiplication of the genotypes
are being explored and adopted in sugarcane (Behera and Sahoo,
2009; Lakshmanan et al., 2005; Lee, 1987; Snyman et al., 2008b),
as they can be up to 300 timesmore efficient than the conventional
method (Snyman et al., 2008a). Micropropagation of sugarcane
can be successfully achieved through direct and indirect⁎ Corresponding author. Tel.: +27 31 2601199; fax: +27 31 2602029.
E-mail address: wattm@ukzn.ac.za (M.P. Watt).
0254-6299/$ - see front matter © 2011 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2011.03.004organogenesis and embryogenesis (Lakshmanan et al., 2005),
but at the South African Sugar cane Research Institute the latter is
favored (Snyman, 2004).
The yield of in vitro-produced plants obtained via indirect
embryogenesis on standard semi-solid substrates can potentially
be increased further by harnessing the advantages of liquidmedia,
which include improved multiplication rates, scaling up with or
without automation and consequent reduced costs (Ascough and
Fennell, 2004). Several reports on the utilization of temporary
immersion systems for micropropagation have supported this
approach for sugarcane (Lorenzo et al., 1998; Meyer et al., 2009;
Mordocco et al., 2009). The most commonly-used temporary
immersion system in sugarcane is RITA® (Récipient à Immersion
Temporaire Automatique) (Alvard et al., 1993). However, one of
the limitations of liquid culture media is the incidence of
hyperhydricity in some genotypes, a physiological disorderwhich
results in the swelling and/or glassy appearance of tissues and
organs and often necrosis (Ascough and Fennell, 2004; Berthoulyts reserved.
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stage, the benefits of liquid media with respect to multiplication
rates are decreased significantly or entirely negated (Meyer et al.,
2009; Zobayed, 2005). In our laboratories, the employment of the
RITA® system results in significantly higher in vitro yields of
plantlets than those obtained with semi-solid protocols (Snyman
et al., 2007), but in some varieties, there is a very high mortality
(up to 48%) of such plants during acclimation (Meyer et al.,
2009). Various interventions have been reported to be successful
in alleviating hyperhydricity, including reducing sucrose con-
centrations in sugarcane culture media (Xiao et al., 2003), the
addition of anti-hyperhydricity agents (Whitehouse et al., 2002)
and increasing ventilation (Zobayed, 2005). This study investi-
gated some such strategies with the aim of decreasing the
incidence of plant hyperhydricity in a protocol which employs the
RITA® system to realize its potential in terms of yield of
micropropagated plants that can be utilized commercially.
2. Materials and methods
2.1. Plant material and culture manipulations
Leaf disks of immature leaf whorls from sugarcane cultivar
N41 were decontaminated and cultured on MS basal salts and
vitamins (Murashige and Skoog, 1962), 3 mg l−1 2,4-D, 0.5 gl−1
casein, 20 g l−1 sucrose and 8 g l−1 agar, pH 5.8 at 25 °C in the
dark for 2 weeks (Meyer et al., 2009; Snyman, 2004). The disks
(approx. 10×2 mm) were then cut into quarters and placed on
embryo induction medium (EIM) containing MS basal salts and
vitamins (0.6 mg l−1 2,4-D, 0.5 g l−1 casein, and 20 g l−1
sucrose, pH5.8), as either semi-solid in Petri dishes [8 g l−1
agar, 10 disks/petri-dish (90 mm)] or liquid medium in RITA®
temporary immersion vessels (30 disks per vessel, immersion for
1 min every 12 h) (Snyman et al., 2007; Meyer et al., 2009) for
4 weeks, in the dark at 25 °C. Embryo germination culture
conditions were as for embryo induction (including semi-solid
and liquid), except for exposure to a 16 h light/8 h dark
photoperiod (35 μmol m−2 s−1 PPFD) and fortnightly replenish-
ment of medium without 2,4-D (embryo germination medium,
EGM). The effect of the two substrates, at the two culture stages,
on the yield of normal and hyperhydrated plantlets were tested as
the following protocols: 1. liquid initiation to liquid germination;
2. liquid initiation to semi-solid germination; 3. semi-solid
initiation to liquid germination; and 4. semi-solid initiation to
semi-solid germination.
A further investigation was undertaken by modifying the
second (germination) stage of protocol 1 (liquid initiation to liquid
germination) to test its media composition and immersion
regimes: Medium 1: MS+20 g l−1 sucrose; Medium 2: MS+
20 g l−1 sucrose+rockwool substrate; Medium 3: 1/2 MS+
5 g l−1 sucrose; Medium 4: 1/2 MS+20 g l−1 sucrose; and
Medium 5: MS+5 g l−1 sucrose. All media also contained
0.6 g l−1 2,4-D and 0.5 g l−1 casein.
For embryo germination the culturesweremaintained on semi-
solid medium in Petri dishes (90 mm) and in RITA® vessels for 6
and 12 weeks, respectively, with fortnightly replacement of
media. Once established, the plantlets were transferred toSterivent® vessels (107×94×96 mm) (Duchefa, Netherlands)
with 200 ml semi-solid 1/2 MS medium plus 5 g l−1 sucrose for
2–4 weeks.
2.2. Acclimation
Plantlets, with 2–3 cm (hyperhydrated) and 4–10 cm (non-
hyperhydrated) shoot length, were acclimated in 72-well
polystyrene speedling trays, on 1 peat moss:1 vermiculite, in a
glasshouse-misting chamber (22–30 °C; 80% relative humidity;
178 μmol m−2 s−1) and watered with a fine mist (fog nozzles-PJ
90°; Bete, Germany) for 3 min/12 h for 3 days. They were then
subjected to a lowered humidity (70%) for 1–2 weeks, after
which they were moved into a polytunnel with clear polycarbon-
ate roof and shaded-cloth sides (17–35 °C; 54–60% relative
humidity) until they reached 20 cm in height. The plants were
fertilized every weekwith Seedling Hydroponic NutrientMixture
[91N: 26 P: 122K: 96Ca: 26Mg: 44 S (g/kg) andmicronutrients;
Hygrotech, RSA]. Survival rates were recorded after 6 months.
2.3. Field trial and agronomic measurements
Field planting was carried out in December 28 (16.1–
37.7 °C; 70% average relative humidity) and the trial was
harvested in June 2009 (5.9–30.8 °C; 54% average relative
humidity) (further details on weather conditions available on
http://portal.sasa.org.za/weatherweb). Planting was conducted in
a randomized plot experimental design with one plant per plot,
50 cm apart from the adjacent plant. Row spacing was 1 m and
each of the in vitro treatments was replicated three times. Three
stem cuttings (setts) of cultivar N41 served as the control.
Phenotypic measurements included stalk mass per stool, stalk
population per stool, and stalk height and diameter. For sucrose
and fiber contents, the three replicate stools were pooled as the
standard in-house mill room procedure requires a minimum stalk
mass for processing.
2.4. Genomic DNA extraction and AFLP analysis
After 6 months in the field, genomic DNA was extracted
(Dellaporta et al., 1983) from 3 plants per treatment and control
for AFLP (amplified fragment length polymorphism) analysis,
which was conducted with an AFLP Analysis System Kit (Life
Technologies Gibco-BRL, Invitrogen) using 8 primer combina-
tions (EcoR1/MseI: EAAG/MCAA, EAAG/MCAT, EAAG/
MCTA, EAAG/MCTC, EAAG/MCTG, EAAG/MCTT,
EAAG/MCAC and EAAG/MCAG). The forward primer,
EEAG (5 ng per sample), was radioactively labeled with 1 μCi
[γ-
33
P] ATP (Izotop, Hungary). Polymerase chain reactions
(PCR) were conducted in a GeneAmp® PCR system 9700 (The
Perkin-Elmer Corporation, Norwalk, CT, USA) under the
following conditions: 1 initial cyclewith a denaturing temperature
of 94 °C for 30 s followed by a primer annealing temperature of
65 °C for 30 s and an extension step at 72 °C for 60 s. The initial
PCR step was repeated for 13 cycles lowering the primer
annealing temperature by 0.7 °C for each cycle. A final PCR
consisting of 23 cycles was performed with a denaturing step at
Table 1
The effect of substrate (semi-solid or liquid) used for embryo initiation and germination stages on plantlet yield in vitro and after acclimation.
Protocol In vitro After acclimation
Total plants/leaf roll (30 disks) (mean±SE) % normal plants (mean±SE) % survival of normal plants (mean±SE)
1. Liquid initiation and liquid
germination
18,368±3671 ⁎ 39.8±3.9 34.2±1.8 (2500) ⁎⁎
2. Liquid initiation to semi-solid
germination
2727±146 57.0±2.9 52±4.2 (800)
3. Semi-solid initiation to liquid germination 1971±285 53.4±3.6 44±3 (460)
4. Semi-solid initiation to semi-solid
germination
2261±289 81.8±3.2* 78±4 (1450)
⁎ Significant difference in columns (F probabilityb0.01), REML variance components analysis, n=3–8.
⁎⁎ Approximate number of plants; hyperhydrated plants did not survive acclimation.
Fig. 1. A visual comparison of the difference between (A) non-hyperhydrated
(normal) and (B) hyperhydrated (abnormal) plants (scale bar=12.5 mm).
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final extension step at 72 °C for 60 s. Reaction products were
analyzed on 5% (v/v) denaturing polyacrylamide (19:1) gels
containing 7.5 M urea. Electrophoresis was performed at 90 W
for 2 h, on a 53×32 cm gel apparatus, and 90 mM Tris–HCl,
89 mMboric acid and 2 mMEDTA (pH8). The gelswere dried at
80 °C for 90 min in a gel dryer and exposed to Kodak Biomax
MR X-ray film for 6 weeks. Polymorphic AFLP bands were
identified and scored, as either present or absent, and recorded
based on primer combination used.
2.5. Statistical analyses
Statistical analyses were carried out using GENSTATS
version 12 (VSN International, UK). Some of the data obtained
were log10 transformed and analyzed for variation among the
treatments using the Restricted Maximum Likelihood (REML)
variance components analysis and analysis of variance
(ANOVA). A probability of F≤0.05 was considered significant.
3. Results and discussion
3.1. Manipulation of culture conditions to alleviate hyperhydricity
Protocols involving semi-solid media have been used success-
fully for the micropropagation of sugarcane resulting in
morphologically and physiologically normal plants (Chengalrayan
et al., 2005; Lee, 1987). However, they result in lower
multiplication rates and consequently smaller plant numbers
than those obtained using liquid media in temporary immersion
systems (e.g. RITA®) (Snyman et al., 2007).As shown inTable 1,
even one stage (i.e. either embryo induction or embryo
germination) on semi-solid had a negative impact on in vitro
plant yields.
In addition to increased in vitro plantlet yields, many authors
have also reported significant improvements in acclimation
success when plants were produced in RITA® vessels instead
of a semi-solid substrate (Aitken-Christie et al., 1995; McAlister
et al., 2005). This was not observed in the present and in a
previously reported study (Meyer et al., 2009). In both cases, a
negative consequence of using liquidmedia (protocol 1.), with the
variety under study, was the generation of a high proportion of
hyperhydrated plants (Table 1), which exhibited a vitrifiedappearance, i.e. had translucent and thickened leaves, stunted or
no roots, small shoots (less than 3 cm in height) (Fig. 1), and did
not survive acclimation.
In an attempt to overcome hyperhydricity, the embryo
germination stage of protocol 1. was modified to compare six
different media and substrate formulations each at three
immersion times (Table 2). The media formulations were adapted
by (i) addition of a rockwool substrate to the liquid temporary
immersion culture media; (ii) decreasing the concentration of MS
nutrients; (iii) decreasing the sucrose supply; and both (ii) and
(iii). The effect of immersion time was tested by increasing the
Table 2
The effect of embryo germination medium modifications of protocol 1 on in vitro and final plant yield (18 weeks).
Treatment Yield (mean±SE)
Medium Immersion time
(1 min/×h)
Total no. of normal plants/leaf roll
(30 leaf disks) produced in vitro
Total no. normal plants/leaf roll
(30 disks) after acclimation
% acclimated
normal plants
Medium 1 (MS+20 g l−1 sucrose) 12 ⁎ 7168±1127 2455±418 34.2±1.8
48 7040±786 2936±666 43.0±10.6
72 4587±2165 2818±1444 48.0±22.1
Medium 2 (MS+20 g l−1sucrose+rockwool) 12 3349±388 1594±435 46.0±8.4
48 2965±705 1258±439 40.0±4.4
72 3413±262 1760±405 50.0±8.5
Medium 3 (1/2 MS +5 g l−1 sucrose) 12 2379±189 728±115
t⁎⁎
30.2±2.4
48 3456±581 126±116 3.2±3.2
72 4053±740 386±310 8.1±5.5
Medium 4 (1/2 MS +20 g l−1 sucrose) 12 3136±450 470±144 15.0±3.2
48 4693±1572 1328±796 23.0±8.6
72 10,112±1990 6494±2264 ⁎⁎⁎ 61.3±9.8
Medium 5 (MS +5 g l−1 sucrose) 12 1728±581 357±171
t⁎⁎
17.9±6.1
48 1173±217 191±45 16.2±2.7
72 1941±412 481±197 22.9±4.6
⁎ Control.
⁎⁎ Significantly lower when compared with other media.
⁎⁎⁎ Significantly different to the control and other media and immersion times; REML variance components analysis and ANOVA, n=3–8.
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inside the RITA® chambers.
Rockwool, which has been used successfully to provide
aeration in liquid cultures of strawberry (Bartczak et al., 2007) and
Spathiphyllum plants (Tanaka et al., 1992), did not have a
significant effect on the proportion of normal plants produced
when compared with the control (Table 2). Consequently, the use
of rockwool was not pursued further and only five media were
tested in subsequent studies.
The effect of nutrient levels in the embryo germination
medium was investigated because hyperhydrated plants failed
to produce healthy roots, and reducing MS nutrients in the
medium to 1/2 strength has been reported to improve in vitro
rooting in several grass species such as sugarcane (Behera and
Sahoo, 2009) and creeping bentgrass (Zhong et al., 1991). In
addition, lowering the nutrient supply in the embryo germina-
tion medium to 1/2 strength MS has been shown to enhance
embryo conversion (Smallanthus sonchifolius, Corrêa et al.,
2009) and subsequent plant acclimation (sugarcane, Ho and
Vasil, 1983). In the present study, reducing MS nutrients from
full strength to half strength (media 3 and 4) resulted in lower
proportions of normal plants than the control after acclimation
(Table 2). The exception is the treatment on medium 4 (1/2MS,
standard 20 g l− 1 sucrose) which yielded 61.3% normal
acclimated plants, but this result was attributed to the
immersion interval of 1 min/72 h, as discussed below.
Although in vitro cultures require a carbohydrate supply to
satisfy their energy requirements, many authors have proposed
that high osmolarity, notably as a result of high sucrose content in
the medium, may contribute to the incidence of hyperhydricity
(Afreen, 2005; Hazarika, 2006; Kevers et al., 2004). However, in
the present investigation, in vitro plant production was signifi-
cantly inhibited when sucrose supply was lowered from 20 g l−1
to 5 g l−1 (media 3 and 5; Table 2).The RITA® system combines the advantages of liquid
medium and forced ventilation through the vessel lid. The
latter allows the plants to become more photoautotrophic and
for aerobic respiration and photosynthesis to occur without
the build-up of ethylene in the vessels (Jackson, 2002).
Another perceived merit of the RITA® system is that it
provides for a regular (albeit intermittent) supply of nutrients
while allowing for an aerobic environment for culture
regeneration and growth. However, the relative humidity
within culture vessels and/or bioreactors containing liquid
media (e.g. RITA®s) is relatively high (around 90%) due to
the constant and frequent immersion of explants in the vessels
(Ascough and Fennell, 2004; Kozai and Kubota, 2005). In
some genotypes, these conditions seemingly affect hyperhy-
dricity and impact negatively on micropropagation efficiency
in vitro and the production of plants that are able to survive
acclimation (Afreen, 2005; McAlister et al., 2005; Pospίšilová
et al., 1999). In the present study, increasing the rest times
between immersions, from 1 min/12 h to 1 min/72 h, resulted
in increased proportions of normal plants in all tested media
(Table 3). Although Mordocco et al. (2009) reported
improved shoot induction in sugarcane with a 24 h resting
period, from 1262±30 (1 min/12 h) to 1449±17 shoots
(1 min/24), the use of a 72 h interval between immersions
has not been documented. The highest yield of plants in our
study, 6494±2264 plants per 30 leaf disks, was obtained with
medium 4 (1/2 MS+20 g l− 1 sucrose) and 1 min/72 h
immersion (Table 2). This represented the greatest positive
effect and resulted in 61% normal, acclimated plants
(Table 2). In this variety, therefore, the decisive factor is
the immersion regime, which influences nutrient supply and
gaseous exchange and this needs to be explored for other
genotypes (of sugarcane and other species) that are prone to
hyperhydricity.
Table 3
Percentage of normal and hyperhydrated plants produced after 12 weeks in EGM under different media and immersion regimes (modifications of protocol 1) prior to
acclimation.
% Plants (mean±SE)
Treatments 1 min/12 h 1 min/48 h 1 min/72 h
Normal Hyper-hydrated Normal Hyper-hydrated Normal Hyper-hydrated
Medium 1 39.8±3.9 60.2±3.9 54.7±11.3 45.3±11.3 68.8±29.8 a 31.2±29.8
Medium 2 69.0±16.3 31.0±16.3 62.6±6.5 37.4±6.5 82.9±5.8 a 17.1±5.8 b
Medium 3 52.6±4.7 47.4±4.8 55.7±14.3 44.3±14.3 63.6±10.4 a 36.4±10.4
Medium 4 22.4±6.2 77.6±6.2 30.0±11.8 70.0±11.8 88.4 ±9.1 a 11.6±9.1 b
Medium 5 27.7±9.9 72.3±9.9 21.2±3.0 78.8±3.0 34.2±8.0 65.8±8.0
Control conditions (Medium 1 at 1 min/12 h). (underlined data)
Medium 1=MS+20 g l−1 sucrose, Medium 2=MS+rockwool substrate, Medium 3=1/2 MS +5 g l−1 sucrose, Medium 4=1/2 MS+20 g l−1 sucrose, Medium
5=MS+5 g l−1 sucrose, and Medium 6=MS+5 g l−1sucrose.
a Significantly different to control (normal) (F pr.=0.001).
b Significantly different to control (hyperhydrated) (F pr.=0.001); n=3.
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Sugarcane was one of the first crop species where somaclonal
variation was detected as a result of in vitro propagation and this
phenomenon was attributed to genetic and epigenetic variability
caused by culture conditions such as incubation time and
composition of the culture medium (Larkin and Scowcroft,
1981). At present, the extent of the genetic variation in sugarcane,
as in other micropropagated species, is usually undertaken using
molecular techniques (Sweby et al., 1994; Taylor et al., 1995;
Watt et al., 2009). However, any such techniques are constrained
by the large polyploid genome of sugarcane, and such tests only
cover a small part of the genome (review by Lakshmanan et al.,
2005). Consequently, the results of the molecular studies are not
categorical and should be supplemented and qualified by
phenotypic assessments. This is particularly important in
sugarcane as even when polymorphic bands are detected they
do not always result in heritable/stable phenotypic characteristicTable 4
Total numbers of polymorphic bands per primer pair and % polymorphic bands afte
Primer combination Total no. of
mono-morphic bands
Total no. of polymorphic band
Medium 1 Medium
Immersion
interval
(1 min/×h)
Immersi
interval
(1 min/×
12 48 72 12
EAAG/MCAA 121 1 0 0 0
EAAG/MCAC 119 0 0 0 0
EAAG/MCAG 103 0 0 0 0
EAAG/MCAT 100 1 0 0 1
EAAG/MCTA 134 1 0 0 0
EAAG/MCTC 117 0 0 0 0
EAAG/MCTG 126 0 0 0 0
EAAG/MCTT 112 1 0 0 0
Totals 932 4 0 0 1
% polymorphic bands 0.4 0 0 0.1
Genomic DNAwas extracted from plants after 6 months field-growth. The numbers o
of polymorphic bands are from plants derived in vitro from Medium 1=MS+20 g
5 g l−1 sucrose; Medium 4=1/2 MS+20 g l−1 sucrose; and Medium 5=MS+5 g l−changes or in phenotypic traits that affect yield (i.e. sucrose
content/ha) (Lorenzo et al., 2001; Watt et al., 2009).
In this study, genotypic analyses via AFLP were carried out
on the plants produced from all the treatments listed in Table 2,
after they had been growing in the field for 6 months; the control
plants were conventionally propagated plants (via setts). A low
polymorphic percentage of 0–0.9% (i.e. negligible genotypic
variation) was obtained from the plants derived from liquidmedia
when compared with the field-derived control (Table 4; Fig. 2).
This is analogous to the low (0.7%) polymorphic percentages
obtained in our laboratories for sugarcane plants generated via
somatic embryogenesis on semi-solid media (Watt et al., 2009).
Of note in the present results is that the plants produced from
treatments involving increased resting times between immersions
(1 min/72 h) did not show any polymorphic bands (Table 4).
In order to establish whether the polymorphic bands
observed in the AFLP analyses resulted in atypical phenotypes
in the field, or if phenotypically different plants were observedr AFLP analysis of plants produced as per treatment in Table 3.
s
2 Medium 3 Medium 4 Medium 5
on
h)
Immersion
interval
(1 min/×h)
Immersion
interval
(1 min/×h)
Immersion
interval
(1 min/×h)
48 72 12 48 72 12 48 72 12 48 72
0 0 0 0 0 0 0 0 1 1 0
0 0 1 2 0 0 0 0 1 0 0
0 0 3 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 0 0
0 0 1 1 0 0 0 0 2 0 0
0 0 0 1 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 2 0 0
0 0 5 5 0 0 0 0 8 1 0
0 0 0.5 0.5 0 0.1 0 0 0.9 0.1 0
f monomorphic bands are from the vegetatively propagated control. The numbers
l sucrose; Medium 2=MS+20 g l−1 sucrose+rockwool; Medium 3=1/2 MS+
1 sucrose.
Fig. 2. An example of a sub-section of an AFLP autoradiograph showing
polymorphic bands from genomic DNA extracted from plants after 6 months of
field growth.
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height, stalk diameter, stalk population and sucrose and fiber
yield were compared after 6 months of field growth.When each
of the 15 treatments were compared with the control and each
other, the only significant effect (F probability=0.005) was on
stalk diameter, where the control had the thickest stalks
(22.6 mm±0.7). This was followed by stalks from plants
derived from medium 5 with 1 min/48 h immersion regimeTable 5
Agronomic characterization of sugarcane stalks (mean±SE), after 6 months of field
Medium Immersion
(1 min/x h)
Stalk mass
(g/stool)
Stalk population
(no. stalks/stool)
S
(
Control ⁎ – 1296±137.8 a 18±2 1
1 12 832±213.0
t b
16±3
48 686±118.0 20±2
72 750±190.1 17±2
2 12 848±152.2
t b
20±3 1
48 808±72.2 22±5
72 775±79.5 18±5
3 12 938±113.6
t b
24±5 1
48 910±90.9 20±2 1
72 PM PM P
4 12 801±146.6
t b
24±5
48 810±126.3 19±1
72 648.2±26.5 22±3
5 12 713±20.0
t b
21±2
48 968.4±33.6 19±1
72 582.3±113.8 16±8
Media: F prob
(Holm-Sidak; 5%)
0.011 (271.0) ⁎⁎ 0.580 0
Immersion time: F prob
(Holm-Sidak; 5%)
0.397 0.876 0
Comparison of each of
15 treatments with
control: F prob
(Holm-Sidak; 5%)
NS NS N
Medium 1=MS+20 g l−1 sucrose; Medium 2=MS+20 g l−1 sucrose+rockwool; M
Medium 5=MS+5 g l−1 sucrose.
For sucrose yield and fiber content, the 3 replicate samples were pooled, therefore n
⁎ Control (N41 propagated as setts); PM = plant mortality; ND = Not determined
⁎⁎ Denotes a significance between the control and each of the media formulation
⁎⁎⁎ Control and 1 min/12 h immersion significantly different from 1 min/72 h int
⁎⁎⁎⁎ Significant difference indicated by different alphabetic letters (a - b) when compar(20.2 mm±0.2 stalk diameter) and the remainder of the
treatments, which were not different from each other but
were different from the first two (Table 5). A similar
observation was made in a previous study where field
measurements were taken on in vitro-derived plantlets after
12 months and stalks were thinner than those of the
conventional controls (Bailey and Bechet, 1989). When the
effect of media on stalk characteristics was investigated
(regardless of immersion regime), there were significant
differences between control and all the media (but no
differences between different media) for stalk mass and stalk
diameter (Table 5), with the N41 control having the highest
values for both parameters. When the effect of immersion time
(irrespective of media) was compared across the different
agronomic measurements, there was only a significant effect
for stalk height where the plants derived from immersion times
of 1 min/72 h were shorter than the control (F probabili-
ty=0.013) (Table 5). In a study on sugarcane cultivars CP65-
357 and CP72-356, the variability observed from the in vitro
produced cane plants was reported to ‘normalize’ between plant
cane and first ratoon, where reversion to the phenotypic
characteristics of the donor plant occurred in the first ratoon
suggesting that variation is epigenetic (Lourens and Martin,
1987). Similarly, phenotypic variations in micropropagated
sugarcane cultivar C1051-73 were noted to disappear after-growth.
talk height
cm)
Stalk diameter
(mm)
Sucrose yield
(g/stalk)
Fiber
(%; w/w)
01.0±11.5 22.6±0.7c a 31.5 14.2
91.0±14.1 18.0±1.9b
t b
23.6 15.0
95.9±5.7 16.0±1.4b 19.8 13.9
78.2±10.4 19.0±1.3b 14.6 14.1
08.9±10.7 17.8±0.7b
t b
24.9 15.7
89.3±3.4 18.3±0.6b 23.8 14.6
62.6±31.3 18.1±0.9b 15.2 15.1
17.2±3.4 18.2±0.7b
t b
27.5 14.8
00.2±3.5 18.4±0.7b 25.9 13.8
M PM ND ND
92.2±7.1 17.5±1.7b
t b
20.0 15.4
87.4±8.5 19.0±0.8b 22.4 14.0
81.4±1.0 17.5±0.6b 23.1 13.9
92.8±2.7 16.8±0.6b
t b
20.3 14.6
95.1±0.5 20.2±0.2a 17.9 14.7
77.5±7.21 16.7±1.1b 11.6 14.8
.261 0.011 (2.35) ⁎⁎ ND ND
.013 (12.8) ⁎⁎⁎ 0.706 ND ND
S 0.05 (3.23) ⁎⁎⁎⁎
Differences indicated
by italicized
alphabetic letters
ND ND
edium 3=1/2 MS+5 g l−1 sucrose; Medium 4=1/2 MS+20 g l−1 sucrose; and
o SE or statistical analysis could be carried out.
; NS = not significant.
s.
erval.
ing each of 16 treatments individually (REML variance components analysis; n=3).
691S.J. Snyman et al. / South African Journal of Botany 77 (2011) 685–6929 months of field growth (Lorenzo et al., 2001). This suggests
that the variation in stalk characteristics observed in the present
study could be transitory and could revert to original donor
phenotypes, if left in the field for periods longer than 6 months.
4. Conclusions
This work confirmed that yields of micropropagated plants are
far higher when the protocol employs a temporary immersion
RITA® system for both embryo induction and germination than if
a semi-solid system is used. It also showed that hyperhydricity can
be overcome by manipulating the immersion regime and nutrient
availability. In the sugarcane variety tested, the combination of
standard levels of sucrose (20 g l), decreased nutrient levels (1/2
MS) and increased resting times between culture immersion
(1 min/72 h) resulted in both the highest production of normal
plants in vitro (approximately 10,000 plants/30 leaf disks) and the
highest number of successfully acclimated plants (approximately
6500 plants/30 leaf disks). These embryo germination conditions,
particularly the long resting period, alleviated the production of
hyperhydrated plants in RITA® vessels (61.3%±9.8 normal
plants compared with 34.2%±1.8 with an immersion regime of
1 min/12 h and full MS) and consequently resulted in higher
numbers of plants after acclimation (6494.3±2264 and 2455.3±
418 plants/leaf roll, respectively). The observed positive effect of
the long period between immersions has not been previously
document and it may offer a strategy for improving yields of
genotypes prone to hyperhydricity in temporary immersion
systems. Assessment of micropropagated plants by AFLPs
indicated a low incidence (0–0.9%) of polymorphic bands but
the limitations of these analyses, particularly in sugarcane, are
acknowledged. Phenotypic measurements after 6 months of field
growth showed some differences in stalk mass, height and
diameter when compared with the conventionally propagated
N41 control, but few differences between plants derived from the
various in vitro regimes. Future studies should include a longer
period of field assessment to determine whether the stalk
differences are heritable or merely epigenetic.
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